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The kinetics of reactions between the carbinol base of crystal violet and several phenols at
different temperatures in different aprotic solvents have been investigated. The constancy of
overall rate constant (h) at varying [carbinol base] implies that the reaction is strictly first order
with respect to the base. But the increase of h with [phenol] is expressible by a two constant
additive equation of the type: h = haC + hpC2. The variation of hlC with C is believed to be
due to the presence of homoconjugate anions (acid-anion complex) of phenols in aprotic sol-
vents. Fairly good linear relationships are obtained when the values of log ka in benzene for
different phenols are plotted against (i) equilibrium constant (K), (Ii) pKa and (Hi) Hammetts'
SUbstituent constant 11. The overall energies of activation (10-17 kcal/rnole) are not only in good
agreement with the literature values of proton transfer reactions but also are consistent with
ha values. The individual rate constants (hl and h_l) have also been calculated using known
values of equthbrtum constant. Fairly good relationships are obtained when log hl of different
phenols are plotted against the corresponding pKa values in water as well as the Hammetts'
substituent constant 11. A tentative mechanism' of the reaction has also been proposed.
SLOW acid-base reaction kinetics which haverates amenable to spectrophotometric deter-mination have been reported. It has been
found that the reaction between the colourless
solution of the carbinol base of crystal violet
[(CH3)2NC6H4h-C-OH and phenols (HX) takes
place at an easily measurable rate in aprotic solvents
with the formation of a violet coloured salt (Amax =
610 nm)
[(CH3)2NC6H4J3-C -OH +HX~[(CH3)2NC6H4h
EB8
-C X+H20 ... (1)
which shows constant ob iervance at equilibrium.
The kinetics of these reactions could t.herefore be
easily followed spectrophotometrically. In aprotic
solvents, the kinetics of this process may be compli-
cated by ion-pairing and also by the effect of the
product, water on ionization of HX. Nevertheless
it should be possible to analyse the present system.
The kinetics of the reaction of several substituted
phenols at different temperatures with the carbinol
base of crystal violet in aprotic solvents were
studied spectrophotometrically.
Materials and Methods
The preparation of the carbinol base, the puri-
fication of the solvents and phenols as well as the
necessary experimental precautions and conditions
were the same as described in an earlier paper-.
Optical readings were recorded usually after 2 min
of mixing in a 1 em stoppered silica cell on a Hilger
UV-speck spectrophotometer. All the measurements
in benzene, toluene and xylene were taken at
605 nrn except those in carbon tetrachloride which
were recorded at 600 nm.
Results and Discussion
Since the concentration of phenols employed
are high compared to that of the carbinol base,
Eq. (1) can be regarded as a pseudo-unimolecular
reversible reaction and the overall rate constant
k(= k1+k_l) should therefore be given by
2·303 [Xe]k = (k1+k_l) = --log --t xe-x
where kl and k-l are the rate constants for the forward
and reverse reaction respectively, x is the concentra-
tion of the coloured salt in terms of OD at the time
interval t (in min) and Xe is the equilibrium con-
centration of the coloured salt in the same unit.
The overall rate constant k was then evaluated
using least square method following equation (2).
I t has been found that when the concentration
of carbinol base of crystal violet is varied and the
phenol concentration is kept fixed, parallel linear
plots are obtained by plotting -log(xe-x) vs t.
This indicates the constancy of the overall rate
constant k within experimental error. The course
of the overall reaction is, therefore, independent
of the carbinol base concentration. In other words,
the reactions are strictly of first order with respect
to the carbinol base. Again a plot of -log (xe-x)
vs t at various phenol concentrations and fixed
carbinol base concentration results in good linear
plots, but they remain no longer parallel to each
other. The values of the overall rate constant k
are seen to increase with increase in phenol
•.. (2)
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concentration and this experimental fact becomes
more pronounced at higher temperatures. Therefore,
the concentration term of phenol occurs in the velo-
city expression to a higher power than it does in
the stoichiometric Eq. (1).
The latter conclusion is somewhat unexpected.
Since aprotic solvents take no part in protolytic
equilibria due to the absence of H+ and since the
reaction fails to take place in the absence of phenol ~
(methyl ether of phenol do not react with the car- 4 1"0
binol base), the reaction is catalysed by phenol
molecules. This indicates the characteristics of
general acid catalysiss, the phenol playing the dual
role of both the reactant and the catalyst.
Variation of overall rate constant k 'with phenol
concentration - Since the first order overall rate
constant k is not directly proportional to the phenol
concentration, the ratio kjG has been extrapolated
to zero concentration (Fig. 1) following the equation
k = kaC+kflC2 ... (3)
where ka and kfl are constants for each phenol.
The constant k« is termed as catalytic constant
following Bronsted" and this can be used for com-
parison of relative proton at ion power of different
phenols (Table 1), bearing in mind that kl'7>k_l and
hence k'::::.kl• Bronsted and Bell encountered similar
circumstances while studying the reaction of diazo-
acetic ester catalysed by various acids in benzene '
and their results are also expressible by a similar
equation.
Bell- however considered the presence of asso-
ciated double molecules (dimers) of acids to be
responsible for the variation in catalytic power
and hence the protonation power with acid con-
centration. But we have shown elsewhere- that
the enhanced acidity of phenols in aprotic solvents
could better be explained by the presence of homo-
conjugate anions rather than by the simple asso-
ciated molecules and free molecules. Hence it will
not be unreasonable to believe that the variation
of kjG with G and hence the variation in the catalytic
power ka is mainly due to the presence of such
homoconjugate anions in aprotic solvents.
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Fig. 1 - Plots of kle vs e in benzene for the evaluation of
k« at different temperatures [m-Cl (1,2,3), p-CI (4,5,6); 1,4
at 25°, 2,5 at 35° and 3,6 at 45°]
Relationship between catalytic constant and acid
strength - Table 2 summarizes the values of log ka
of different phenols in benzene at different tem-
peratures. The following important conclusions
could be drawn from a comparison of the data:
The order of relative acid strengths of para,
meta and ortho-substituted phenols at 35° in benzene
runs parallel as in water, viz.
P-N02>p-Br>p-Cl>phenol>p-OCH3> ,
p-CHs; m-N02>m-CI>phenol>m-CH3; and
o-Cl>phenol>0-CH3
The order of relative acid strengths of cresols in
benzene at 35° as judged from log ka values has
also been found to be the same as in water, viz.
m-CHa>p-CH3>0-CHa
while that of chlorophenols in benzene is reverse
to that in aqueous solution, viz.
o-Cl>m-Cl>p-Cl in water and
p-Cl>m-Cl>o-Cl in benzene
Phenols
TABLE 1 - VALUES OF ka AT DIFFERENT TEMPERATURES IN DIFFERENT SOLVENTS
b« in benzene at ka in ka in ka in
toluene xylene CCl.
35° 45° (35°) (35°) (35°)
7·95 10-" 19·25 X 10-"
5·30 X 10-" s-so x io« 6'80 X to-" 8'50 X 10-"
2'30 X 10-1 4·84 X to-1
2·44 X 10-1 5'70xl0-1 2'60 X 10-1 3·00 X 10-1 4'50 X 10-1
0'88 X 10-'
5·30 X 10-"
3·52 X 10-" 3·80 X 10-" 4·25 X to-"
1·50 X 10-1 2·70 X to-1
2·76 X 10-1 5'70x10-1
3·70 X to-1 7·20 X 10-1 3'80 X 10-1
5'00x10-" 6·00 X 10-"
1·44 X 10-1 2'30 X 10-1
3'10x10-1 6·60 x 10-1
Phenol
a-Chlorophenol
m-Chlorophenol
p-Chlorophenol'
a-Cresol
m-Cresol
p-Cresol
m-Nitrophenol
p-Nitrophenol
p-Bromophenol
p-Methoxyphenol
2,4-Diehlorop henol
2,4-Dibromophenol
3'20xl0-"
0·90 X to-1
1'00 X 10-1
2·10 X to-"
1·40 10-"
0·80 X 10-"
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Such abrupt changes are surprising but not un-
expected. The large decrease in the rate of a-
chlorophenol in benzene may be attributed to
chelation and low homoconjugation constant of
such ortha-substituted phenols in aprotic solventssP.
Since pKa values of phenols are already known-
to be linear with log k values of the same proto-
nation reaction in benzene medium, it is presumed
that there will be a linear relationship between
pKa values in water and log ka values in benzene.
TABLE 2 - VALUES OF ENERGIES OF ACTIVATION (Ea AND
HAMMETT'S SUBSTITUENT CONSTANTS FOR DIFFERENT
PHENOLS
Phenols pKa in Ea kcall Hammett's
water mole substituent
(35°) constant
(0-)*
(35°)
Phenol 10·00 15·72 0·00
a-Chlorophenol 8·49
m-Chlorophenol 9·13 16·15 +0·37
p-Chlorophenol 9·42 15·16 +0·23
a-Cresol 10·29
m-Cresol 10·09 16·89 -0·07
p-Cresol 10·26 16·82 -0·17
m-Nitrophenol 8·38 11·33 +0·71
p-Nitrophenol 7-15 12·33 +0·78
p-Bromophenol 9·36 12·96 +0·27
p-Methoxyphenol 10·21 -0·11
2,4-Dichlorophenol 7·85 10·60
2,4-Dibromophenol 14·71
*Values of C1 are taken from ref. 22.
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Fig. 2 - (A) Plots of log K vs log hoc in benzene and (B) Plots
of pKa in water vs log hoc in benzene [(1) Phenol (2) m-CI
(3) m-CH3 (4) m-N02 (5) p-Cl (6) p-CHa (7) P-NO. (8) p-Br
(9) p-OCHa (10) a-CI (11) a-OCH3 (12) 2,4-di-Cl (13) 2,4-diBrJ
This has been found to be true as seen from Fig. 2B
where three linear plots are obtained for meta,
para and ortho and disubstituted phenols. Exactly
similar curves are also obtained in our equilibrium!
studies as well as by Davies et al.14 in similar studies
on acid-base interaction. Furthermore, a plot of
log K values of different phenols in benzene against
log ka values in benzene at 35° results in similar
separate linear plots (Fig. 2A). Since the slope
of the linear curves are less than unity, it indicates
that these two quantities are related by a Bronsted
type relation'>:
k« = Constant X (K)G
This similarity of rate equilibrium relationships is
indicative of the fact that the reaction between
the carbinol base of crystal violet and the phenols
proceed by a similar type of mechanism.
Effect of substituent - The effect of substitution
of different groups on the rate of the presently
studied acid-base interaction and hence on the
protonation power of different phenols has been
checked with the well-known Hammett's relation:
log k-log ko = Pcr
where k is the rate constant for a compound with
a meta or para substituent, ko the corresponding
constant for the parent unsubstituted compound,
P the reaction constant and cr the substituent
constant.
Since in our case the rate constants are dependent
on phenol concentrations, we have tested the Ham-
mett's relation by plotting log ka values at 350
against the standard cr values at 25°. The validity
of the Hammett's relation is indicated by more or
less a linear plot between log ka versus cr. The plot
yields 2·06 as the value of P. Since the ionization
of benzene acids in water for which P is equal to
± 1·0 is facilitated by electron-withdrawing substi-
tuent, a greater positive (+2·06) value of P in our
case indicates the development of more partial
negative charge on the phenolic oxygen in benzene
than in water.
Effect of soloents - Table 1 shows the effect of
four solvents, e.g. benzene, toluene, xylene and
carbon tetrachloride on a few phenol-carbinol base
systems. A careful examination of the data indi-
cates an increase in the value of k" in the solvents
following the order: benzene-c toluene-c xylene«;
carbon tetrachloride. The very small differences
in the dielectric constants of these solvents indicate
the probability of some specific effects" to be more
important in such interactions rather than dielectric
constant. The greater rate in solvents having
double bonds imply a polar transition state, in accord
with the capability of stabilizing the charge sepa-
ration owing to high polarizability of the electrons
of aromatic solvent molecules-".
Effect of temperature - The kinetic studies at
different temperature indicate that the overall
rate of the reaction increases with rise of temperature.
The overall energies of activation were calculated
by plotting log k" against liT, a procedure followed
by Bell" in a similar study of acid-base catalysis.
The Arrhenius plots are linear for all phenols studied.
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TABLE 3 - INDIVIDUALRATE CONSTANTSAND PHENOLEXPONENTSIN BENZENEAT 35°
Phenols log K* at log kl log k_l n* f r
25°
Phenol 2·92 0·12 -2·20 3·367 3·000 -0·367
a-Chlorophenol 3·74 0·20 -2·54 3·655 3·059 -0·596
m-Chlorophenol 4·61 1·53 -3·08 2·611 2·079 -0·532
p-Chlorophenol 4·21 1-61 -4·60 4·000 2·300 -1·700
m-Cresol 2·58 0·52 -2·06 3·333 3·077 -0·256
p-Cresol 2·50 0·27 -2·23 3-462 2·857 -0·605
m-Nitrop hen 01 7·55 2·20 -4·35 2·897 z-r 11 -0·786
p-Nitrophenol 7·50 3·66 -3·84 2·350 1·929 -0·421
p-Bromophenol 6·60 1·75 -4·85 3·750 2·211 -1·539
p-Methoxyphenol 2·70 0·33 -2·37 2·357 2·118 -0·239
*Values taken from ref. 1.
Table 2 gives the values of overall energies of acti-
vation for different phenols. It is found that
the meta-substituted phenols follow the order:
m-CH3>m-Cl>phenol>m-N02 and the para-
substituted phenols follow the order: P-CH3>
phenol>p-Cl>p-Br>p-N02• The overall ener-
gies of activation (10-17 kcaljmole) obtained pre-
sently are thus in good agreement with the literature
values of proton transfer reaction18-20•
Individual rate constants - For equilibrium where
both the forward and the reverse reactions are
assumed to be influenced by the acid, viz.
».
Carbinol base-j-j' (acid) ~ coloured salt-l-rtacid)
k-l
Palit and Bhowmik= have deduced the following
equation for such cases:
log K+[:cidJ-n = log k_1+! log[acid] ... (4)
where! and r are the acid exponents for the forward
and reverse reactions respectively, n the overall
acid exponent is equal to (f-r) , K(= k1jk_1) is the
equilibrium constant and k(= kl+k_1) is the overall
rate constant.
As expected from Eq. (4), the plot of log kjK+
[acidj+« vs log [acid] is linear, indicating that all
the four kinetic constants kl' k-l'! and r for carbinol
base-phenol interaction can be obtained from the
above relation. The values of these constants are
given in Table 3. The negative values of r most
interestingly point to the fact that phenols retard
the reverse reaction of Eq. (1). This can be inter-
preted as due to complex formation between the
coloured dye salt and the phenol which is in large
excess. The overall acid strength of phenols in
benzene is thus evidently due to the interplay of
at least four factors which are summed up in f, r , kl
and k_1·
Furthermore, the plots of log kl and pKa values
of phenols for both meta and para-substituted phenols
are linear. Another interesting feature of the
values of kl. is that the plot of log kl against
Hammett's substituent constant (J is linear implying
the agreement of forward rate constants with
Hammett's relation.
Tentative mechanism - It is thus evident that
the kinetics of the process are complicated. It
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has already been shown! that although simple
phenol molecules and dimers may also undergo.
reactions with the carbinol base of crystal violet,
the enhanced reactivity of the phenols can better
be attributed to the formation of homoconjugate
anions (acid-anion complexes). At first sight it
appears that such reactions occur through rapid
protonation of the C-OH group of the carbinol
base followed by slow breaking of the C-OH~ bond.
As weak alcohols like methanol also cause such
colour change of the carbinol base of crystal violet,
such direct protonation seems unreasonable in aprotic
solvents. A better tentative mechanism may be
rapid hydrogen bonding of the acid-anion complexes
of phenol molecules with the carbinol base followed
by slow rearrangement and breaking of the hydrogen
bonded complexes to the coloured salt of the dye
as shown in Scheme 1.
2HX'=7 H(XHX)
Acid-anion complex
[(CH3h NCeH4J3-C-OH + H(XHX)
t
[(CH3hNC6H4Ja-C-O H (XHX)
H ~~
+ -
[(CH3)2NCeH4Ja-C-(XHX)... H20
Scheme 1 - Mechanism of reaction of carbinol base of
crystal violet with phenols
It is believed that in such interactions the oppo-
sitely charged ions are held together as ion-pairs
and the water molecules formed in the re-
action are probably associated with the ion-pairs
through hydrogen bonding and they exist as one
entity.
Obviously the reaction is not so simple as depicted
above. It has been shown that phenol molecules
retard the reverse reactions probably by undergoing
hydrogen bonding with the coloured salt. Further-
more, there exists the possibility of further ion-
pairing in aprotic solvents.
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